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I.  INTRODUCTION 


During  the  first  year,  the  chalcopyrite  growth  effort  was  directed 
at  a  single  compound,  CdGeAsQ  .  The  potential  applications  of  this 
crystal  in  nonlinear  optics  is  now  fully  evaluated.  It  promises  to  be 
a  very  useful  nonlinear'  material  providing  that  there  is  sufficient 
*  improvement  in  crystal  quality.  Past  crystal  growth  has  been  by  the 
Bridgman-Stockbarger  technique.  We  are  now  preparing  to  grow  crystals 
by  the  Czochralski  method. 

Jt .  ,  • 

Recently  we,  _hav.e  started  *  growth  of  a  new  chalcopyrite  compound 

CdGePg  ,  another  potentially  very  useful  nonlinear  crystal.  The 
choice  of  CdGeP^  was  made  after  a  study  of  all  the  II -IV -Vg  chalcopyrite 
estimating  the  optical  properties  from  the  measured  properties  of  the 
III-V  analogs.  The  results  of  this  study  are  included  in  Appendix  I. 


The  last  series  of  boules  have  been  grown  from  stoichiometric 
melt.  The  0.5  -  1.0  weight  percent  excess  As  used  previously  does  not 


improve  the  optical  transmission.  We  also  use  slower  growth  rates 
(*•  4°/hr)  and  larger  gradients  (~  The  growth  gives  fairly 

consistent  results  from  boule  to  boule  and  we  are  ] fanning  impurity 
doping  to  investigate  the  effects  on  crystal  properties  such  as 
resistivity,  optical  transmission,  and  index  homogeneity.  The 
orientation  of  large  single  crystal  regions  in  a  boule  is  usually  with 
the  chalcopyrite  unit  cell  [.ll'l]  direction  within  10°  of  the  boule  axis. 
This  agrees  with  the  literature  which  reports  the  [ill]  direction  as 
the  fastest  growth  direction  for  the  chalcopyrites. 

There  is  a  correlation  between  grain  boundaries  and  crystal  cracking. 
Large  single  crystal  regions  have  usually  few  cracks.  We  therefore 
hope  that  the  cracking  problem  may  be  solved  with  the  grovtli  of  large 
homogeneous  single  crystals.  The  cracking  might  also  be  related  to  the 
constraints  imposed  by  the  walls  of;  the  quartz  crucible,.  We  are  now 
measuring  the  thermal  expansion  coefficient  and  its  anisotropy  to  gain 
some  further  insight. 

For  the  last  boule  B6  ,  the  synthesis  and  the  growth  were  done  in 
one  step.  Previously  the  synthesizing  was  done  as  a  separate  step.  This 
nad  the  disadvantage  that  there  was  some  vapor  in  the  crucible  which 
deposited  on  the  walls  when  the  synthesized  material  was  quenched.  It 


assures 


was  impossible  to  retrieve  bills  deposit.  The  one  step  process 
v  •' 

that  no  material  is  lost.  However,  we  are  faced  with  the  problem  of 
obtaining  uniform  mixing  and  achieving  .fully  reacted  material  in  the 
crucible  as  well  as  in  the  capillary  before  t,he  growth  starts.  The 
first  run. showed  Incomplete  mixing.  An  ultrasonic  vibrator  has  been 
constructed  to  aid  the  mixing  process  in  succeeding  runs. 

(li)  Czochralski 

At  present,  initial  experiments  are  being  carried  out  to  determine 
the  correct  growth  conditions.  In  addition,  a  furnace  is  being  assembled 

B.  CdGePg 

To  date  two  boul.es  have  been  grown.  The  CdP^  is  synthesized  first 

and  then  reacted  with  Ge  to  form  CdGeP^  .  The  fully  reacted  material  is 

then  used  to  grow  single  crystals  by  the  Bridgman-Stockbarger  technique 

similar  to  the  growth,  of  CdGeAs^  .  Due  to  observed  Si  vitrification,  a 

carbon  crucible  is  used  to  synthesize  the  CdGeP^  .  The  first  boules  have 

3 

single  crystal  regions  of  approximately  1  mm  and  they  show  the  same 
cracking  pattern  as  observed,  for  CdGeAs0  . 

A  good  etch  tor  CdGePg  is  30#  Bv0  solution  in  ethyl  alcohol.  This 
reveals  grain  boundaries  and  twin  lines  after  etching  for  about  15  sec. 


III.  IMPURITY  ANALYSIS  OF  CcIGeAr^ 

Table  I  shows  the  results  of  ar  Impurity  analysis  of  three  slices 

from  boule  ^33«  The  slices  were  from  different  sections  of  the  boule 

and  they  had  different  resistivity  and  optical  transmission.  The 

impurity  analysis  was  performed  by  the  Bell  and  Howell.  Electronic 

Materials  Division  in  Pasadena  using  spark  source  mass  spectrometry. 

There  appears  to  be  very  little  correlation  between  the  impurity 

analysis  and  the  optical  transmission.  A  possible  explanation  is 

that  only  a  small  fraction  of  the  boule  cross  section  was  probed  and 

homogeneity  problems  may  have  obscured  the  results.  The  probed  area 

2 

was  less  than  one  mm  and  only  a  few  tenths  of  a  milligram  was  analysed. 
The  unusually  large  oxygen  and,  carbon  concentrations  are  most  probably 
due  to  hydrocarbons  and  possibly  an  oxide  layer  on  the  surface. 


TABLE  I 

IMPURITY  CONCENTRATIONS  IN  STANFORD  CADMIUM  GERMANIUM  ARSENIDE 
(IN  PARTS  PER  MILLION  ATOMIC) 


Element ^ 

Detection  Limit - 

Opaque 

Max  T  =  20$ 

Max  T  =  H' 

Li 

0.007 

0.012 

0.083 

0.017 

C 

c.6  3 

'*.6-25 

3,200  (75-10,000) 

19 

N 

0.03 

0.18 

0.51 

0.28 

0 

0.03 

76 

900 

3,600 

F 

0.07 

0.27 

0.48 

0.22 

Na 

0.01 

0.3b 

8.3 

0.77 

Mg 

0.3 

N.D. 

0.49 

N.D. 

A1 

0.1 

0.37 

3.9 

O.80 

Si 

1 

6.7 

N.D. 

N.D. 

S 

0.03 

1.5 

1.1 

4.0 

K 

0.01 

0.052 

0.51  (6.6*) 

0.19 

Ca 

0.03 

0.065 

0.25  (3.3*) 

0.07'4 

(a)  No  analysis  was  made  for  hydrogen.  Analyses  for  gold  are  not  given  since 
the  samples  were  sparked  against  high  purity  gold  counterelectrodes. 
Background  lines  of  the  matrix  interfere  with  the  analyses  for  Cl,  Mn, 
and  Fe.  Other  impurities  not  listed  were  not  detected  and  have  concen¬ 
trations  less  than  0.3  ppma. 

n 

(b)  Determined  for  3  *  10  coulomb  exposure. 

*  Seen  on  one  exposure  only. 

N.D.  Not  detected. 


IV.  ELECTRON  PROBE  MICROANALYSIS 

We  have  completed  an  extensive  microprobe  analysis  of  several 
boules  to  investigate  possible  deviations  from  stoichiometric  composition. 
The  absolute  accuracy  of  microprobe  measurements  are  between  2  and  5 
weight  percent.  For  absolute  calibration  we  use  Cd  ,  CdS  ,  Ge  ,  and  GaAs 


as  standards  and  determine  the  weight  fraction  Wu  of  the  elements 
in  the  unknown  (CdGeAs^)  using  the  expression 


W 


u 


F 

Ws  T 
u 


silfei 


% 


where  W  is  the  weight  fraction  of  the  element  in  the  standard,  I 

and  1^  are  the  X  ray  intensities  from  the  standard  and  the  unknown, 

and  F  and  F  corrects  for  the  matrix  absorption  in  the  standard 

s  u 

and  the  unknown.  We  have  determined  F  /F  from  tables  in  Birks 

s'  u 

for  an  accelerating  voltage  of  25  kV  ,  electrons  incident  at  62.5°  , 
and  a  takeoff  angle  ¥  of  38*  •  Table  II  gives  the  product  WgFg/Fu 

The  relative  accuracy  of  the  microprobe  analysis  can  be  as  good 
as  a  few  tenths  of  one  percent.  Table  in  lists  some  experimental  results 
for  CdGeAs^  .  Within  the  experimental  error  excess  As  does  not  perturb 
the  stoichiometric  composition.  The  results  confirm  what  we  would  expect 
from  our  previous  phase  diagram  studies,  that  CdGeAsg  exists  only  in 
a  narrow  homogeneity  region. 

We  have  also  studied' carefully  an  etched  boule  cross  section  containing 

several  grains,  some  optical  transparent  and  some  opaque.  No  variation 

/>■  ■  ;  ‘ 

in  stoichiometry  or  irregularities  at  the  grain  boundaries  could  be  observed, 
within  the  experimental  resolution. 


TABLE!  IT 


MAGNITUDE  OF  W  F  /p  FOR  MICROPROBE  ANALYSIS  OF  CdGeAs, 

s  s'  u  . 
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TABLE  XU 


MtCROPP.O'-E  DIALYSIS  OK  ©MeACg 


Growth  condition  I  Optical  trance*;.  *-■ 


Boule  number 


opaque 


0>c  f,  r  X'-onn  An 
Stoichiometric 


Stol chiometrl s 
5  Vt  *f>  oxcens  As 
,*•,  Wt  f  excess  As 


i  am 
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V.  OPCICAL  MBASUREr-CSNTS 
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A.  CdCoAs, 
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EWc  have  determined  the  type  I  phasematching  angle  for  doubling 
COg  using  a  1.95  nun  crystal  from  boulo  #31.  When  the  crystal  is 
mounted  normal  to  the  laser  beam,  back  reflections  make  the  laser 


_ 

*  /*,.  ...  -J t  rrp-jfls 


t  fivfl 


K  mounted  normal  to  the  laser  beam,  back  reflections  make  the  laser 

ife  ?!  ..-: 

unstable.  By  motor  scanning  the  crystal  through  the  unstability  and 

.  -  .  -  * 

sw  ki*.-  ■.  -  .;v  .  ......  ■  -  K; 

-1 - -  '  ■  ■  •  ... 


phaoematching  positions  we  etui  determine  the  phasematching  angle  very 


accurately  with  respect  to  the  crystal  front  surface.  The  measured 

0  o 

phasematching  angle  Is  31*7  -  0.5  «  while  the  index  of  refraction 

fe?;  ;  ■■  ?  .  :  ; 

data  from  boule  jb6  gives  a  calculated  angle  of  35.6°  .  The  measured 


s-  f  -  ■  -  •  ■  «  1  -  v.*3r-  ■ 


full  width  of  the  external  angle  at  the  half -power  point  was  5.9  in 


IS  fH 


good  agreement  with  an  angle  of  6°  that  we  calculate  using  the  expression 


e 

ext 


2.25  l  tun  p 


with  l  -  1.95  mm  and  p  r  0.02313  rad  . 

Since  the  walk-off  angle  limits  the  maximum  useful  interaction 


length,  the  most  attractive  parametric  oscillator  construction  would 
be  a  90°  phasemntehed  oscillator  with  a  tunable  pump.  Figure  1  shows 


s  2«J| 


i 


tb.e  tuning  curve  for  such  a  device.  The  tunable  pump  may  be  a  LINbO.. 
or  LI 10^  parametric  oscillator. 

B.  CdGeP„ 


Wo  have  not  yet  obtained  sufficiently  large  single  crystals  to 
measure  the  indices  of  refraction  by  the  prism  method.  Boule  //]  had 


‘-fZWrp?. h<&  K~ ' '& 


SswSSSSswSsEEsssi 


3  4  5  6  7 


WAVELENGTH  Xp(pm) 

•  • 

Figure  1— Theoretical  taring  curves  for  CdOeAs^  for  90°  pbnsematchinr;. 
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a  small  transparent  section  which  could  be  studied  under  an  infi-ared 
microscope.  The  measured  transmission  range  is  between  7500  $  and 
13  pm  with  the  reststrahl  frequency  located  at  approximately  2.6  pm  . 
By  probing  with  a  COg  laser  beam  we  measured  the  transmission  through 
the  most  transparent  sections  to  be  at  least  30$  for  a  0.5  mm  thick 
sample. 
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VI.  ELECTRICAL  I^ASUREMENTS 

A.  CdGeASg 

We  have  experimented  with  ohmic  contacts.  Indium  soldered  contact 
works  well  down  to  at  least  77 °K  .  Some  crystals,  of  approximately 
1X2  X  7  mm  have  been  cut  for  Hall,  effect  measurements. 

B.  CdGeP^ 

The  first  boule  was  n-type  with  a  resistivity  of  approximately 

4  b 

10  -  10^  Slcm  . 
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ABSTRACT 


Several  of  the  II-IV-V^  chalcopyrite  compounds  are  attractive  for 
nonlinear  optical  applications.  In  order  to  evaluate  their  potential, 
their  optical  parameters  are  determined  using  the  close  resemblance  to 
.  the  III-V  analogs  and  their  relative  anisotropic  bond  polarizability 
vhich  has  been  measured  for  a  few  of  the  chal copyrites. 
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ESTIMATION  OF  THE  OPTICAL  PROPERTIES 
OF  THE  Il-IV-Vg  CHALCOPYRITE  COMPOUNDS 
by 

H.  Kildal  and  R.  L.  Byer 

Microwave  Laboratory 
Stanford  University 
Stanford,  California 

The  Il-IV-Vg  compounds  with  a  chalcopyrite  structure  have  recently 

1  2 

generated  considerable  interest  as  new  infrared  nonlinear  crystals.  * 

The  nonlinear  coefficients  are  large  and  compare  with  the  III-V 

Compounds  and  the  chalcopyrites  have  the  necessary  birefringence  for 

phasematching.  The  chalcopyrite  point  group  symmetry  is  "fern  which 

2 

allows  both  type  I  and  type  IJ  phasematching.  Unfortunately,  the 
growth  of  high  optical  quality  material  presents  problems  and  for 
best  progress  it  seems  reasonable  to  concentrate  on  a  few  compounds. 

In  choosing  which  compounds  to  grow,  the  important  considerations  are 
transmission  range,  birefringence,  and  magnitude  of  the  nonlinear 
coefficients.  However,  measured  values  exist  only  for  a  few  of  the 
chalcopyrites,  and  a  method  to  estimate  their  properties  would  be  very 
useful.  We  outlii.-_  a  procedure  using  the  close  resemblance  between  the 
II-IV-V0  compounds  and  their  III-V  analogs.  The  predicted  properties 

tl 

agree  well  with  the  few  measured  experimental  values.  By  a  different 

3  4  5 

method  using  Levine's  bond  charge  model, Chemla  has  also  estimated 

g 

the  indices  of  refraction  and  Miller's  delta  for  the  chalcopyrites. 

Table  I  lists  the  properties  of  the  III-V  compounds  used  to  estimate 
the  properties  of  the  chalcopyrites  in  Table  II.  The  optical  bandgap 
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TABLE  I 


OPTICAL  PROPERTIES  OF  III-V  COMPOUNDS 


Unit  cell 

volume 

t«3] 

Reststrahl 

frequency^ 

C(irn] 

Index  of 
refraction^8^ 

Nonlinear 

coefficient 

rel.  GaAs^^ 

A1P 

162.0 

~  15.6 

2.95 

Gap 

162.0 

25 

2.95 

.58 

InP 

202.1 

28.5 

3.1 

AlAs 

181.5 

3.2 

GaAs 

180.7 

34 

3.3 

1.00 

InAs 

222. 

A 

4l.l 

3.5 

2.22 

(a) 

TXfry\— - - - p£.rt3_es__of  J^I-V  Compounds  (Academic  Press,  WevTork, 


(b) 


J.  J.  Wynne  and  N.  Bloemberrren,  phys.  Rev.  188,  1P].1  (1969). 


- 

|  ;  |  Mg  m 


TABLE  II 

ESTIMATED  OPTICAL  PROPERTIES  OF  THE  CHALCOPYRITES 
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InStFj  2nSeFg  trSrt}  CdSIPj  CdOePg  CdSnPg  ZnSUSg  InO.Aa,,  tnSnAig  CdSlA«j  ClO.Atj  CJ"nArg 

■  '  ,  -  .  ■-  _  — ■  .  .  V .  ,  - 
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frequency  and  two  phonon  absorption  determine  the  transmission  range 
of  the  chalcopyrites.  In  CdGcASg  ,  i.et>  the  two  phonon  absorption  at 
room  temperature  is  about  20  cm’^  .  The  three  phonon  absorption  is 
much  weaker  and  is  approximately  0.4  cm"^  .  We  take  the  two  phonon 
absorption  frequency  to  be  half  the  rests urahl  frequency.  For  the 
reststrahl  frequency  o>r  we  use  the  experimental  value  or  an  estimate 
from  the  reststrahl  frequencies  u>  and  o>.  of  the  III-V  analogs 
using  the  relation 

®r  *  '  .  (1) 

By  assigning  bond  polarizabilities  to  the  II-V  and  the  III-V  bonds 
we  derive  expressions  for  the  indices  of  refraction  and  for  the  bire¬ 
fringence  by  summing  over  the  thirty-two  bonds  within  the  chalcopyrite 
unit  cell.  With  a  linear  polarizability  tensor  a  and  a  second  order 

ft 

polarizability  tensor  fi  ,  we  write  the  induced  polarization  of  a  bond 

as 

p(t)  *  tQa.E(t)  +  pSE(t)K(t)  .  (2) 

We  assume  uniaxial  bond  symmetry  and  write  the  transverse  and  the  longl 
tudinal  linear  bond  polarizabilities  as  0.^  and  Ojj  .  Defining  an 
average  bond  polarizability  as  a  *=  -(20^  +  c^)  and  the  anisotropy  as 
7  «=  (o,.  -  aA)  ,  we  follow  Chemla  and  obtain  for  the  susceptibility 
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tensor  that 


"  1  *  T^aAC+tWi  +  9v[7AC^+^+yiJC^*‘ff^] 


1  0  0 
0  10 
0  0-2 


(3) 


where  AC  and  BC  denote  the  two  different  hondr.  and  V  Is  the  unit 
cell  volume.  The  parameters  *  and  o  characterise  the  chaleopyrito 
structure.  Since  the  II  and  IV  cations  have  different  covaler.t  radii, 
the  anion  Is  not  exactly  in  the  center  of  the  cation  tetrahedra.  It 
Is  positioned  a  distance  a(x  -  ^)  off  the  center  closer  to  the  cations 

7 

with  the  smallest  radii.  With  the  lattice  parameters  a  and  c  we 

have  T  ■  2  -  c/a  for  the  tetragonal  compression  and  ff  »  bx  -  1  . 

In  Eq.  (3)  BC  denotes  the  bond  to  the  smallest  cation.  Assuming  the 
bond  polarizability  is  approximately  the  same  as  for  the  III-V  analogs, 
we  have  for  the  average  susceptibility  of  the  cholcopyrites  that 


. 

where  V.  and  V.  are  the  unit  cell  volume  of  the  11I-V  analogs  and 

I  D 

\  and  are  the  measured  susceptibilities.  The  average  estimated 
index  in  Table  II  agrees  well  with  experimental  values. 

For  the  relative  birefringence  ve  obtain  from  Eq.  (3)  that 


fin  .  3lL2b  .  *«•*»  „  .  yJl  1  J)  *  '  J)  (5, 

#  ■  e(% +  ao> 

•ince  is  always  much  greater  than  one.  For  the  Il-IV-Vg  compounds 

t  and  ff  have  about  the  came  magnitude  so  we  can  approximate  Eq.  (5) 


by 


n  6 


V°b 


(1  +  <*) 


(6) 


The  maximum  positive  birefringence  occurs  when  »  dj  ,  This  gives 


(An) 

\  n  /max 


■ 


t  +  a 


1  +  a 


lA 


(7) 


Trustworthy  measurements  of  the  birefringence  exist  only  for  a  few  of 
the  chal copyrites.  Figure  1  shows  a  plot  of  the  relative  birefringence 
versus  t  +  cr  .  According  to  Kq.  (6)  the  birefringence  depends  mainly 
on  the  anisotropic  polarizability  of  the  AC  bond.  Consequently,  since 
A  is  the  cation  with  the  largest  radius,  the  birefringence  of  ZnSIP- 
and  ZnCeFg  should  be  determined  mainly  by  the  anisotropic  polarizability 
of  the  Znp  bond.  This  is  confirmed  by  a  linear  dependence  in  Fig.  1. 
Figure  1  also  indicates  approximately  the  same  relative  anisotropic 
bond  polarizability  for  the  Zn  and  Cd  bonds  to  the  same  anion.  This 
needs  to  be  confirmed,  however,  by  more  experimental  points  for  the 
As  compound.:.  In  Table  II  we  estimate  the  birefringence  using  An/n  ■ 

K(t  +  o’)  with  K  equal  to  O.iU  for  the  p  compounds  and  0.10  for  the 
As  compounds. 

Degenerate  parametric  oscillators  or  second  harmonic  generation 
(SHG)  require  the  largest  birefringence.  The  phasematching  angle  for 
SHG  is  approximately  given  by 


sin  9-  w  VD/B 


(8) 
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for  typo  I  phasematching  and 


sin  0n  w  '  (9) 

for  type  II,  whore  B  »  n  •  n  is  the  birefringence  and  D  «  -  nm 

e  °  o  o 

is  the  dispersion.  For  type  II  phasematching  the  necessary  birefringence 
is  approximately  0.6  to  0.7  for  90°  phasematching.  For  propagation  at 
angles  less  than  90°  to  the  o-nxis  the  valkoff  angle  limits  the 
effective  crystal,  length  for  the  nonlinear  interaction.  For 

confocal  focusing  we  have 


with  the  walkoff  angle  p  **  -  ~  sin  26  .  A  crystul  with  a  large  bire¬ 

fringence,  e.g.  O.l^for  CdGoASg  ,  is  phasematchable  for  parametric 
interaction  and  second  harpionic  generation  over  most  of  its  transparency 
range.  Maximizing  the  nonlinear  interaction,  however,  requires  a  crystal 
with  a  smaller  birefringence  to  ensure  phase-matching  closer  to  90°  . 

Rie  chalcopyrites  have  only  one  independent  nonlinear  coefficient 
since  d^  ■  d^g  according  to  the  Kleinman  symmetry  condition.®  Assuming 
the  second  order  bond  polarizability  satisfies  the  overall  permu¬ 

tation  symmetry,  we  express  the  nonlinear  coefficient  for  the  chalcopyrites 
as*'* 

"l*  "  V  ■  V  ^[(e:|  -  Wxhc  *  <f-;|  -  2fx>sn]  '  <”> 
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Where  Pjj  a  ^3  and  =  KfV^  +  ^223^  are  tho  longitudinal  and 

the  transverse  second  order  bond  polarizabilities.  For  the  III-V 

q 

compounds,  Flytzanis  and  Dueuing'  state  that  the  main  contribution  to 
the  nonlinear  coefficient  is  from  P,|  ,  even  though  the  linear  polariz¬ 

ability  tensor  is  almost  isotropic  with  a,,  slightly  larger  than  a 

II  A 

Chemla’s  calculations  for  the  chalcopyrites  include  only  0|  .  This 

approxmation  may  not  be  valid  since  the  transverse  component  of  the 
linear  polarizability  tensor  is  larger  than  the  longitudinal  component. 
However,  we  shall  make  tho  same  approximation  so  that  we  may  use  the 
measured  nonlinear  coefficients  for  the  III-V  analogs  to  estimate  the 
nonlinear  coefficients  for  the  chalcopyrites  using  tho  expression 


"  —  (4,1.).  +  —  <1,1.) 
V 


l4'b 


(12) 


dl4  * 
ctaalco- 


Table  II  also  lists, the  nonlinear  coefficients  calculated  f; 

,  assuming  the  Miller’s  6  is  the  same  for  fill  thii _ 

/  /  \  ? 

pyrites.  This  assumption  Is  probably  true  within  aVactoi*  of  two  S 

10 

a  v ' 


most  chalcopyrites.' 


It  follows  fran  Table  II  that  all  the  chalcopyr 
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the  same  figure  of  merit  d  /n^  .  Therefore,  for  ndnjirjear  ogt^c 


|tes  % 

V> 

ndnlinei 


ave*  roughly 
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applications  it  is  more  Important  to  consider  trans!nl!lfeiSh„ran^^v^4.re-‘- 

*  ^  X  i  • 

jets  %n  \up*er 

\ 

limit  for  the  tuning  range  of  a  parametric  oscillator affi;Sqcd  idler 
frequency  the  gain  of  a  parametric  oscillator  varies  lVe^rlyW^por- 
tiorial  to  the  pump  frequency  for  walkoff  limited  interaefcom  lengths. 11 

t,l  f  rv* 

It  is  therefore  advantageous  to  use  the  shortest  pump  wavelength  tee  mi.  t  ted 

U1& 


by  the  bandgap  and  phanomatching  condition.  An  attractive  pump  source 
for  infrared  parametric  oscillators  is.  the  ild^'V/AO  .laser  in  cases  whore 
the  bandgap  cutoff  is  shorter  than  one  micron.  The  nonlinear  crystal 
then  also  has  applications  in  infrared  up-conversion  schemes  for  low 
noise  signal  processing1^  or  image  up-conversion.1''1  Materials  with 
bandgaps  shorter  than  a  micron  arc  also  attractive  from  a  crystal  growth 
point  of  view  since  this  allows  visual  detection  of  crystal  imperfections. 

In  conclusion  we  have  estimated  the  optical  properties  of  the 
II-IV-Vg  compounds  based  on  the  analogous  1TI-V  compounds.  The  estimated 
birefringence  and  transparency  range  agrees  very  well  with  the  few  values 
that  have  been  measured.  Several  of  the  chalcopyri .ten  have  potential 
for  nonlinear  optics  applications.  The  values  listed  in  Table  II  should 
assist  in  the  selection  of  the  crystal,  most  suited  for  a  particular 
application. 
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Figure  1  Relative  birefringence  of  the  chaleonyrltoj;. 


